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ABSTRACT 


The  literature  for  creep  to  failure  cumulative  damage  laws  are 
reviewed.  Creep  to  failure  tests  performed  on  polycarbonate  and 
polysulfone  under  single  and  two  step  loadings  are  discussed.  A 
cumulative  damage  law  or  modified  time  fraction  rule  is  developed  using 
a  power  law  for  transient  creep  response  as  the  starting  point. 
Experimental  results  are  approximated  well  by  the  new  rule.  Damage  and 
failure  mechanisms  associated  with  the  two  materials  are  suggested. 
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Introduction 

During  the  last  two  decades,  the  use  of  adhesives,  polymers  and 
polymer-based  composites  has  become  widespread  in  high  performance  aero¬ 
space  and  automotive  applications.  The  great  potential  for  composite 
materials  is  derived  from  their  high  specific  strength  and  modulus  prop¬ 
erties,  improved  fatigue  resistance,  greater  flexibility  for  tailoring 
material  properties  to  meet  design  requirements,  reduced  manufacturing 
costs  and  fabrication  scrap,  and  improved  dimensional  stability  due  to 
•  lower  thermal  expansion. 

Modern  adhesives  have  also  received  a  great  deal  of  attention  In 
recent  years  partly  because  of  the  Increased  use  of  polymeric  and  com¬ 
posite  materials  In  structural  components.  For  these  nonmetallic  mate¬ 
rials,  conventional  fasteners  such  as  bolts,  rivets,  and  welds  are 
either  inefficient  or  Impossible.  Penetration  methods  cause  undesirably 
high  stress  concentrations  and,  in  the  case  of  composites,  sever  the 
fiber  reinforcement,  drastically  lowering  the  joint  efficiency.  On  the 
other  hand,  bonded  joints  tend  to  be  damage-tolerant  due  to  the  high 
damping  behavior  of  the  adhesive  layer  and  less  expensive  due  to  lower 
fabrication  cost.  For  these  reasons  it  Is  important  to  study  damage  In¬ 
duced  by  fatigue  and/or  creep  for  critical  design  consideration. 

Cumulative  damage  resulting  from  fatigue,  l.e.  periodic  or  time- 
varying  Internal  stresses  created  by  similar  time-varying  external  load¬ 
ings,  Is  well  known.  Less  well  known  is  a  similar  cumulative  damage  or 
degradation  due  to  vlscoelastically-lnduced  changes  in  moduli  and 
strength  properties  of  materials.  Polymers,  adhesives  and  fiber  rein¬ 
forced  plastics  (FRP )  are  particularly  susceptible  to  this  effect. 


Ample  evidence  suggests  that  these  materials  may  suffer  delayed 
failures  or  ruptures  due  solely  to  their  viscoelastic  or  time-dependent 
material  properties  [1-6].  Thus,  the  development  of  cumulative  creep 
damage  laws  which  may  be  analogous  to  well-established  cumulative  fa¬ 
tigue  damage  laws  Is  obviously  necessary.  In  fact,  the  two  types  of 
damage  laws  and  hence  damage  mechanisms  may  be  directly  related  for 
polymer-based  adhesives  and  composites. 

Consider,  for  example,  a  step  lap  joint  as  shown  in  Fig.  1. 


Adhesive  Layer 


Fig.  1.  Step  Lap  Joint  Between  Laminated  FRP  and 
Metallic  or  Polymer  Adherends. 

The  joint  visualized  could  be  between  general  laminated  composite  and 
metallic  adherends  or  any  combination  of  adherend  types  for  that 
matter.  For  a  constant  stress  input,  o0,  a  variety  of  stress  distri¬ 
butions  and  Interactions  will  develop  in  the  adherends  and  in  the  ad¬ 
hesive  layer.  A  simple  delayed  failure,  delamination  or  rupture  at  an 
Isolated  point  In  the  example  shown  will  not  cause  the  joint  or  struc¬ 
ture  to  cease  transmitting  load  from  one  adherend  to  the  other.  But  a 
failure  at  one  point  will  cause  a  step  increase  in  stress  at  other 
points,  with  a  corresponding  change  In  failure  or  rupture  time.  Again, 


this  illustrates  the  need  to  develop  a  cumulative  creep-damage  model  for 
composites  and/or  adhesive  joints  even  if  the  remote  load  is  constant. 

At  present  there  is  no  universally  accepted  method  for  estimating  the 
creep  life  of  a  material  subjected  to  multiple  stress  levels  for  various 
periods  of  time.  Several  different  techniques  for  making  such  estimates 
have  been  proposed  and  will  be  discussed  In  the  next  section. 

Herein,  the  cumulative  creep  damage  of  polycarbonate  and  poly- 
sulfone  is  studied  as  a  necessary  first  step  to  understanding  the  more 
complicated  cumulative  damage  process  In  polymers,  FRP  materials  and/or 
adhesively  bonded  joints.  Failure,  In  the  the  case  of  polycarbonate.  Is 
defined  as  yielding.  The  yielding  of  polycarbonate  Is  further  defined 
as  the  elastic-plastic  tensile  instability  point  or  the  point  of  Luder's 
band  formation  [1],  That  Is,  slip,  yield  or  Luder's  bands  occur  In 
polycarbonate  at  the  elastic-plastic  tensile  Instability  point  as  In 
mild  steel.  Further,  polycarbonate  Is  viscoelastic  and.  In  a  creep 
test,  a  creep-to-yield  or  a  creep-to-Luder's  band  formation  will  occur 
[1].  In  polysulfone,  on  the  other  hand,  failure  occurs  by  rupture.  In 
other  materials  failure  might  occur  simply  by  excessive  deformation.  In 
any  event,  we  feel  that  an  appropriate  continuum  analytical  model  for 
cumulative  damage  may  be  applicable  to  failure  regardless  of  the 
specific  definition  of  the  failure.  For  example,  the  same  delayed 
failure  (yield)  model  due  to  Crochet  has  been  used  for  yielding  in 
polycarbonate  [1],  rupture  In  neat  epoxy  adhesives  [2],  and  rupture  In  a 
sheet  molding  compound  composite  SMC-25  [6],  It  should  be  noted  again, 
however,  that  we  feel  the  present  study  will  have  applications  to  both 
adhesives  and  composites  even  though  the  materials  studied, 
polycarbonate  and  polysulfone,  are  both  homogeneous  and  isotropic. 


Review  of  Literature 


Creep  is  the  transient  time-dependent  component  of  strain  resulting 
from  a  constant  stress  input.  Damage  may  occur  at  different  rates  for 
two  different  stress  levels  which  leads  to  a  particular  creep  life  at 
each  stress  level.  The  effect  of  damage  accumulation  at  one  stress 
level  on  the  remaining  life  at  a  second  stress  level  represents  the 
aspect  of  material  response  defined  as  cumulative  damage. 

Robinson  [7]  originally  proposed  a  creep  damage  law  now  often 
referred  to  as  the  "life  fraction  rule"  or  the  "linear  cumulative  damage 
rule",  which  can  be  expressed  as. 

It-”'  (d 

1  fi 

This  equation  is  valid  for  a  tensile  specimen  at  a  constant  temperature 
loaded  In  such  a  way  that  a  creep  stress  is  input  and  held  constant 
for  the  time  interval  tj.  Next  the  stress  is  increased  to  o2,  and  held 
constant  for  the  time  interval  t2,  etc.,  until  final  failure.  The 
quantities  T^  are  the  failure  (In  our  case  yielding  or  rupture)  times 
associated  with  each  increment  of  stress  acting  alone  for  the  same 
constant  temperature. 

For  various  types  of  temperature  cycles.  Miller  [8]  found  the  life 
fraction  rule  to  give  quite  good  predictions  for  several  superalloys. 
However,  later  studies  [9],  Involving  variable  stress  tests  on  super¬ 
alloys  and  steels,  Indicated  total  lifetimes  ranging  from  0.36  to  2.08 
as  calculated  by  the  left  hand  side  of  equation  1.  Hence,  despite  the 
convenience  of  Robinson's  life  fraction  rule,  care  and  discretion  must 


be  exercised  in  its  use 


Randall  [10]  suggested  that  the  life  fraction  rule  should  be  useful 
In  estimating  cumulative  damage  only  if  loads  are  high  enough  to  produce 
significant  plastic  deformation.  Also,  he  suggests  that  high  tempera¬ 
tures  should  be  avoided  or  such  exposure  should  be  of  short  duration  to 
minimize  the  effect  of  solid  state  reactions.  Goldhoff  and  Woodford 
[11]  suggested  that  adequate  predictions  could  be  made  only  for  small 
changes  in  stress. 

Because  of  these  limitations  of  the  life  fraction  rule,  other  less 
convenient  procedures  have- been  suggested.  Lieberman  [12]  proposed  an 
analogous  strain  fraction  rule  which  can  be  written  as. 


where  is  the  strain  under  a  given  stress  and  temperature  and  is 
the  strain  at  failure  under  the  same  stress  and  temperature.  The 
fraction  of  the  amount  of  failure  lifetime  expended  is  assumed  to  be 
equivalent  to  the  amount  of  creep  deformation  which  occurs  for  a  given 
stress  level  regardless  of  whether  it  occurs  at  the  start,  near  the 
middle,  or  at  the  end  of  a  test.  Thus,  a  time  interval  associated  with 
rapid  primary  or  tertiary  creep  would  consume  a  large  portion  of  the 
total  lifetime  as  compared  to  a  time  Interval  associated  with  secondary 
creep. 

Odlng  and  Burdusky  [13]  assumed  the  rate  of  production  of  new  voids 
to  be  proportional  to  the  secondary  creep  rate  e  and  the  rate  of 
accumulation  of  voids  to  be  proportional  to  the  period  of  creep  time  t 
raised  to  an  exponent  of  m.  Using  this  approach  they  arrived  at  the 
law. 
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(3) 
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Johnson  [14]  observed  that  materials  which  do  not  exhibit  micro¬ 


cracking  during  creep  to  fracture  and  obey  an  effective  stress  failure 


criterion  adhere  to  a  cumulative  time  damage  rule.  In  contrast,  he  sug¬ 


gests  that  materials  exhibiting  general  micro-cracking  during  creep  and 


following  the  maximum  principal  stress  criterion  adhere  to  a  cumulative 


strain  damage  rule.  He  therefore  modified  equation  (3)  to  be  applicable 


to  primary  and  tertiary  creep  for  which  cases  the  creep  rate  is  not  a 


constant  but  is  proportional  to  time  t  raised  to  another  exponent  u. 


The  combined  expression  for  primary  or  tertiary  and  secondary  damage  was 


given  as. 


l[r- 

ll  fiJ 


In  reality,  equation  (4)  is  the  same  as  equation  (3)  but  the  exponent 


has  a  different  significance. 


Freeman  and  Voorhees  [15]  compared  predictions  by  the  life  and 


strain  fraction  rules  and  found  that  the  errors  in  the  two  methods  ap¬ 


peared  to  be  in  opposite  directions.  For  this  reason,  they  concluded 


that  a  rule  for  consumption  of  rupture  life  under  variable  stress  ap¬ 


peared  to  be  somewhere  between  the  two  but  perhaps  closer  to  the  life 


fraction  rule.  They  suggested  that  a  reasonable  prediction  could  be  ob¬ 


tained  from  the  geometric  mean  of  the  two  approaches, 


1 
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Another  mixed  creep  damage  rule  was  proposed  by  Abo  El  Ata  and 
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Finnie  [16]  and  can  be  written  as, 

t.  (e  ). 


„  r  1  , ,  .. .  r  max  1 

K  TT^1-**  fcjT'1 


(6) 


i  fi 


i  max  fi 


When  K  ~1,  the  time  fraction  rule  is  recovered  and  when  K  "-0,  the  strain 
fraction  rule  is  recovered. 

A  rather  involved  method  to  predict  the  damage  accumulation  during 
the  creep  process  in  terms  of  a  reduction  in  material  strength  was  deve¬ 
loped  by  Bui-Quoc  [17].  His  approach  is  based  upon  finding  a  damage 
function  which  is  determined,  in  part,  from  the  concept  of  a  creep  en¬ 
durance  limit. 

Kargin  and  Slonimsky  [18]  have  generalized  the  linear  cumulative 
damage  concept  to  an  integral  form  including  temperature  effects  which 
is  useful  for  continuously  varying  external  stresses. 


'  t 


dt 


0  f 


[a(t),T(t)] 


(7) 


Lemaitre  and  Chaboche  [19]  developed  an  equation  including  both 
non-linear  creep  damage  accumulation  and  non-linear  fatigue  accumula¬ 
tion.  The  proposed  interaction  relation  is, 

6 


dD  =  (2.)  (1-D)'k(a)dt  +  [1  -  (1 


(&+l)-jC*(Aa) 


Ao 


mo)  (i-D) 


dN  (8) 


In  equation  (8),  a  is  the  mean  stress.  A,  r,  0,  k (a),  a(Ao),  and  M(o) 
are  temperature  dependent  material  coefficients  and  functions,  and  D  is 
a  damage  term  such  that  D  =  Dq  +  Dp  in  which  Dc  is  creep  damage  and  Dp 
is  fatigue  damage. 

The  cumulative  creep  damage  approaches  described  above  have  evolved 
from  similar  concepts  related  to  cumulative  fatigue  damage  and  are 

7 


r*  ■,* 


largely  empirical  in  nature.  Futher,  these  laws  have  evolved  primarily 
from  observations  of  metallic  alloys,  usually  at  elevated  temperature. 
The  present  effort  is  an  attempt  to  develop  an  approach  to  cumulative 
creep  damage  of  polymer  materials  based  upon  observations  for  poly¬ 
carbonate  and  polysulfone,  each  of  which  have  very  different  failure 
processes,  and  to  relate  the  model  developed  directly  to  the  visco¬ 
elastic  nature  of  polymeric  materials.  While  the  approach  we  shall  take 
is  empirical,  we  feel  that  a  similar  model  could  be  developed  as  a 
natural  extension  to  the  nonlinear  viscoelastic  constitutive  methods  of 
either  Findley  [20]  or  Schapery  [21]. 


Cumulative  Damage  Model 

For  most  materials  other  than  those  which  are  perfectly  linear 
elastic  and  perfectly  brittle,  failure  is  likely  a  nonlinear  process 
however  it  is  defined.  Our  observations  on  polymers,  composites  and  ad¬ 
hesives  suggest  that  the  amount  of  nonlinearity  is  both  a  function  of 
the  stress  level  and  the  time  scale  [22,23].  Indeed,  various  nonlinear 
theories  are  in  agreement  with  this  observation  [20,21].  That  is,  for 
high  stress  levels,  nonlinear  creep  processes  occur  even  over  a  very 
short  time  scale,  while  for  low  stress  levels,  nonlinearities  may  only 
be  detectable  after  a  very  long  time. 

Unfortunately,  for  polymers,  nonlinear  deformation  processes  may 
occur  for  a  variety  of  reasons.  For  example,  as  illustrated  in  Fig.  2, 
the  total  strain  response  for  a  constant  stress  input  to  a  four  para¬ 
meter  mechanical  model  is  composed  of  an  instantaneous  elastic  component 
(free  spring),  a  delayed  elastic  component  (Kelvin  element  or  spring  and 
damper  in  parallel)  and  flow  (free  damper).  Each  component  may 


m 


Fig.  2.  Creep  and  Creep  Recovery  of  a  Four  Parameter  Model. 


contribute  to  a  nonlinear  deformation  or  strain.  Likewise,  each 
component  may  contribute  to  the  overall  accumulation  of  damage. 

Damage  Is  normally  assumed  to  give  rise  to  permanent  deformation 
and  the  latter  Is  often  considered  to  be  evidence  of  the  former. 

However,  the  viscous  component  of  the  free  damper  allows  for  a  permanent 
deformation  which  may  not  necessarily  be  associated  with  damage 
production.  Thus,  damage  accumulation  for  viscoelastic  materials  Is 
clearly  a  complicated  Issue. 

In  our  case,  we  have  performed  many  creep  and  creep  recovery  tests 
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on  polycarbonate  and  polysulfone.  At  sufficiently  high  stress  levels  or 
sufficiently  long  exposure  times,  we  observed  a  creep-to-failure  process 
which  in  the  case  of  polycarbonate  was  defined  as  yielding  and  in  the 
case  of  polysulfone  was  defined  as  rupture.  For  these  materials,  we 
found  that  if  the  time  at  which  the  load  was  removed,  t2,  was  very  short 
(about  one  minute)  and  if  failure  had  not  occurred,  almost  total 
recovery  was  obtained  after  about  one  hour.  That  is,  no  permanent 
strain,  e^,  was  measurable.  On  the  other  hand,  if  the  time,  t2,  was 
long  (about  one  hour),  total  recovery  was  not  obtained  after  several 
days.  That  is,  permanent  deformation,  e£,  occurred.  These  observations 
were  valid  even  for  creep  stress  levels  as  high  as  ninety  percent  of  the 
ultimate  stress  level  for  which  failure  would  occur  upon  loading, 
i.e.,  ox  =  0.9  ou  . 

For  the  above  reasons  and  for  the  range  of  test  conditions  that  we 
used,  damage  for  polycarbonate  and  polysulfone  seems  to  be  related  to 
transient  strains  and  not  to  the  instantaneous  component.  As  a  result, 
we  will  assume  that  the  rate  of  damage  accumulation  is  proportional  to 
the  transient  strain  such  that, 

dDl  c 
dt~  *  klel 

where  is  the  total  damage  at  any  given  time  under  an  arbitrary  creep 
stress  Oj  ,  is  the  transient  creep  strain  and  kj  is  a  factor  which 
depends  upon  stress  level. 

A  power  law  is  often  used  to  represent  creep  strains  [20]  and  may 
be  written  as 

e(t)  *  ei  +  ei  s  ei  +  mitn  (10) 

where  and  m^  are  parameters  which  are  functions  of  stress  level  for 
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a  nonlinearly  viscoelastic  material  and  n  is  a  constant.  Combining  (9) 
and  (10)  gives. 


dDx 

dt“  =  klml 


(ID 


On  the  basis  of  our  assumption  stated  by  equations  (9)  and  (11),  we  pro 
pose  the  empirical  relation  for  total  damage  at  an  arbitrary  time  for  a 
single  (but  arbitrary)  creep  stress  level  to  be  given  as 


(12) 


where  Kj  is  a  stress  dependent  parameter  and  N  is  a  constant  not  direct 
1y  related  to  n  wherein  the  empiricism  arises. 

When  failure  occurs. 


Ofl-  Vfl 


(13) 


where  Tfl  Is  the  creep  to  failure  time  under  the  constant  stress  oj. 

For  multiple  step  creep  Inputs  such  as  those  shown  In  Fig.  3,  a 
nonlinear  superposition  method  is  needed  in  order  to  ascertain  the 


Fig  3.  Multiple  Step  Creep  Inputs 


strain  output.  While  the  Schapery  [21]  approach  is  more  rigorous,  we 
will  use  the  Findley  modified  superposition  as  reported  by  Dillard,  et 
al .  [23].  For  a  stress  input  with  q  steps,  the  strain  output  may  be 
written  as 

e(t)  *  cQ  +  [(m.  -  m._j)  (tj)n]  (14) 

where  tj  *  t  -  t^  and  zero  subscripted  quantities  are  zero. 

If  we  again  assume  the  rate  of  damage  accumulation  to  be  a  function 
of  the  transient  strains  only,  then  the  total  damage  after  q  steps  will 
be, 

°T0T  Ci^mi  '  m1-l)  (15) 

where  is  a  stress  dependent  factor  as  is  .  Another  way  of 
expressing  the  total  damage  would  be. 


where  aD^  is  the  damage  which  takes  place  during  each  step  stress  incre¬ 
ment. 

A  cumulative  damage  law  for  multiple  creep  step  loading  can  now  be 
obtained  by  assuming  that  the  sum  of  the  ratios  of  the  damage  during 
each  increment  to  the  total  damage  at  rupture  for  a  single  creep  stress 
of  the  same  magnitude  is  equal  to  one,  i.e.. 


i 


(17) 


Combining  equations  (13),  (15)  and  (17)  gives. 


? 


C^(mi  ~ 


1 


(18) 
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We  finally  assume  that  the  coefficients  C^,  and  can  be  combined  i 
a  simple  way  such  that. 


This  last  assumption  is  not  very  likely  as  the  numerator  for  each  step 
is  a  function  of  all  previous  history.  However,  a  simple  form  results 
which  is  similar  to  the  time  fraction  rule  given  by  Oding  and  Burdusky 
[13]  in  Eq.  3. 

For  a  two  step  loading,  Eq.  19  becomes. 


which,  as  we  shall  see,  gives  a  reasonable  representation  of  our  experi 
mental  data  for  polycarbonate  and  polysulfone. 

Experimental  Procedures 

The  materials  used  were  0.12  In.  (3  mm)  sheets  of  "Tuffak" 
polycarbonate  and  0.125  in.  (3.2  mm)  sheets  of  polysulfone  (Udel).  The 
latter  were  made  at  VPI&SU  and  were  annealed  for  four  hours  and  cooled 
at  ~2.8°C/hour.  The  dog  bone  shaped  tensile  specimens  had  a  uniform 
test  section  length  of  about  2  in.  (50.8  mm)  and  width  of  about  0.4  in. 
(10  mm).  Creep  tests  were  performed  using  a  lever  type  dead  weight 
creep  test  machine  and  strains  were  measured  using  an  extensometer.  A 
minimum  of  five  samples  were  tested  under  identical  conditions.  Mean 
values  were  used  In  all  analyses. 

Preliminary  tests  were  performed  to  observe  the  creep  response 


under  multiple  step  loadings.  These  results  for  a  two  step  loading  his¬ 
tory  are  shown  in  Figs.  4  and  5  for  polycarbonate  and  polysulfone 
respecti vely.  These  curves  indicate  the  type  and  magnitude  of  the 
nonlinearities  present  in  the  material.  Interestingly,  the  recovery 
curves  for  the  high-low  stress  history  are  similar  to  those  of  Findley 
[24].  Specifically,  for  a  small  decrease  in  the  applied  load,  the 
recovery  curves  first  decrease  and  then  increase  again.  This  is 
evidence  of  a  fluid-type  response. 

In  these  preliminary  tests,  specimens  were  loaded  and  allow  to 
creep  for  only  a  short  time  of  about  one  minute  and  then  unloaded. 
Strains  were  completely  recoverable  and  under  microscopic  examination, 
no  evidence  of  damage  was  found.  On  the  other  hand,  if  the  specimen  was 
allowed  to  creep  for  about  one-half  hour,  recovery  was  not  obtained 
after  several  days.  Upon  microscopic  examination  of  these  specimens,  a 
large  amount  of  crazing  was  evident.  These  observations  led  to  the 
formulation  of  the  damage  law  given  in  the  preceding  section. 


Creep  to  Failure  Observations 

Creep-to-fal lure  data  for  polycarbonate  and  polysulfone  are  given 
in  Figs.  6  and  7.  As  it  may  be  observed  a  linear  relation  between 


stress  level  and  logarithm  of  time  to  failure  was  obtained.  These 
curves  were  used  to  find  the  ultimate  stress,  ou,  for  instantaneous 
failure  by  extrapolation.  Also,  the  creep  to  failure  lifetimes  Tfi  were 
found  from  these  data. 

Obviously,  on  the  basis  of  Figs.  6  and  7,  to  perform  multiple  step 
creep-to-fallure  tests  for  all  stress  levels  would  have  required  an  ex¬ 
tremely  lengthly  test  program.  Rather,  we  elected  to  perform  all  tests 
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Creep  Curve  under  Steploading  for  Polycarbonate  at  Room  Temperature. 


9'  CreeP  Curve  U"der  for  Polysulfone  at  Roo. 

Temperature. 


at  very  high  stress  levels.  The  stress  ratios  used  for  the  two 
materials  are  shown  in  Table  1. 


Polycarbonate 

Polysulfone 

Stress  Ratios 

mm 

12m 

ESU 

IdSSM 

mum 

mum 

°l/ou 

0.904 

0.876 

0.904 

0.947 

0.925 

0.876 

0.904 

0.032 

0.925 

0.947 

*2 

0.82 

0.87 

0.73 

0.85 

0.91 

N 

0.94 

0.76 

0.77 

1.1 

0.86 

Table  1 


Using  these  loading  schedules,  the  parameters  Kg  and  N  were  found 
using  Eq.  (20).  The  resulting  data  and  curve  fits  are  shown  in 
Figs.  8-11. 

Figs.  8  and  9  show  that  the  cumulative  damage  curve  is  shifted  to 
the  right  of  the  linear  time  fraction  rule  for  the  high  to  low  step  load 
case.  Although  polysulfone  is  subjected  to  greater  non-dimensional 
stress  than  polycarbonate,  its  cumulative  curve  is  further  away  from  the 
linear  case.  This  tends  to  indicate  that  polysulfone  is  more  resistant 
to  cumulative  damage.  Interestingly,  when  tj/Tj  is  less  than  0.18  for 
polycarbonate  (Fig.  8)  or  0.2  for  polysulfone  (Fig.  9),  tg/T2  values  are 
nearly  equal  to  unity.  In  other  words,  there  is  virtually  no  damage 
during  the  first  step  loading  providing  that  tf/Tj  is  less  than  0.18  and 
0.20  respecti vely.  Our  interpretation  Is  that  damage  does  not  occur 
Immediately  upon  loading  or  during  Initial  creep  provided  the  time  ratio 
for  the  first  step  Is  small.  Rather  a  damage  initiation  time  Is 
required.  This  phenomenon  is  consistent  with  craze  formation  as 
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Fig.  8  Cumulative  Creep  to  Yield  for  Polycarbonate. 
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reported  by  others  [25-28].  That  is,  the  lower  the  applied  tensile 
stress  or  strain,  the  longer  before  crazing  initiates. 

Results  for  low  high  creep  step  loading  are  shown  in  Figs.  10  and 
11.  In  all  cases,  the  cumulative  damage  curves  are  to  the  left  of  the 
linear  time  damage  rule  for  large  values  of  tj/Tj  and  to  the  right  for 
small  values  of  tJ/Tj.  This  trend  is  much  more  evident  for 
polycarbonate  than  polysulfone.  In  all  cases  polysulfone  appears  to  be 
a  more  damage  tolerant  material  than  polycarbonate  from  the  standpoint 
of  failure.  However,  one  must  keep  in  mind  the  different  nature  of  the 
failure  modes,  i.e.,  yielding  for  polycarbonate  and  rupture  for 
polysulfone.  Actually,  it  should  be  noted  that  the  polysulfone  we 
tested  first  yielded  but  was  followed  almost  immediately  by  rupture. 
Therefore,  mechanisms  responsible  for  damage  until  the  point  of 
failure  were  not  all  that  different.  In  this  sense,  for  the  small 
thickness  samples  used,  polycarbonate  may  be  considered  more  fracture  or 
crack  growth  tolerant  than  polysulfone.  Thick  materials  with  large 
constraint  effects  would  likely  be  very  different  in  their  fracture 
response  at  the  termination  of  cumulative  damage. 

Polycarbonate,  as  shown  in  Fig.  10  and  detailed  in  Table  1,  was 

\ 

tested  for  two  different  step  stress  histories.  These  results  indicate 
that  the  stress  history  plays  a  major  role  in  the  determination  of  the 
parameters  Kg  and  N  as  defined  by  Eq.  20.  This  gives  ample  evidence  as 
to  why  a  cumulative  damage  rule  cannot  be  obtained  from  nonlinear  visco¬ 
elastic  theories  in  a  simple  way. 

The  results  in  Fig.  10  for  polycarbonate  tend  to  Indicate  that  low 
step  stress  levels  are  very  unconservative  compared  to  a  linear  time 
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damage  rule  while  high  stress  levels  are  less  unconservative  and.  In 
fact,  might  even  be  conservative  for  certain  combinations  of  stress  and 
time  ratios. 

Again,  for  small  values  of  t^/Tj  ,  the  ratios  tg/T 2  are  nearly 
unity  for  low  to  high  stress  ratios  as  they  were  for  high  to  low  stress 
ratios.  Fig.  10  Indicates  that  this  initiation  period  appears  to  be 
quite  history  dependent.  It  should  be  noted  that  initiation  time  under 
high-low  step  loading  is  greater  than  under  low-high  step  loading 
because  of  the  recovery  effect  during  the  former  and  some  damage  curing 
may  occur.  There  is  also  an  accelerated  damage  effect  during  low-high 
loading.  On  other  hand,  we  also  found  rupture  elongation  under  high-low 
loading  to  be  a  little  less  than  under  low-high  loading.  This  effect 
may  be  the  result  of  competition  between  recovery  deformation  and  craz¬ 
ing.  Because  of  the  nonuniformity  in  the  material,  crazes  may  have 
dominated  in  some  regions  while  recovery  deformation  dominated  in  other 
regions. 


Summary  and  Conclusion 


Various  empirical  approaches  to  cumulative  creep  damage  were 
reviewed.  On  the  basis  of  experimental  observations  we  elected  to  as¬ 


sume  the  rate  of  damage  accumlatlon  to  be  related  to  the  transient 
strain  component  of  viscoelastic  strains  in  a  creep  test.  Using  a  power 


law  approximation  to  creep,  which  In  Itself  is  an  empirical  formulation, 
we  deduced  an  empirical  damage  accumulation  model.  This  model  Is  con¬ 
sistent  with  Odlng  and  Burdusky's  [13]  modification  of  a  time  fraction 
rule.  Our  time  fraction  rule  contains  a  coefficient  and  an  exponent 
N,  each  of  which  are  history  dependent.  We  feel  that  It  Is  In  fact  this 


history  dependence  which  at  present  precludes  the  derivation  of  a  life 
fraction  rule  from  Schapery's  nonlinear  viscoelastic  approach.  Perhaps, 
more  research  will  lead  to  such  a  rigorous  derivation. 

It  might  be  appropriate  to  note  that  a  simple  integration  of  the 
rate  of  damage  as  given  by  Eq.  (II)  will  not  produce  the  total  damage  as 
given  by  Eq.  (12).  In  a  companion  study  we  have  used  the  Schapery 
method  to  characterize  the  nonlinear  viscoelasticity  of  both  poly¬ 
carbonate  and  polysulfone  [29].  In  this  study  we  found  values  for  the 
power  law  exponent  and  It  Is  clear  that  the  exponent  N  is  not  simply 
related  thereto.  An  interesting  aside  is  that  we  can  relate  the  ex¬ 
ponents  n  and  N  by  using  a  fractional  derivative  concept  [30].  However, 
the  authors  are  not  able  to  give  physical  meaning  to  a  fractional  rate 
of  change.  Added  understanding  might  be  gained  using  this  concept  which 
has  been  useful  in  describing  other  types  of  viscoelastic  data  [31], 

Experimental  creep-to-f allure  data  for  polycarbonate  and  polysul¬ 
fone  has  been  presented  for  single  and  double  creep  step  loading  his¬ 
tories.  The  data  has  been  successfully  fitted  with  our  modified  life  or 
time  fraction  rule.  Further,  the  data  has  given  considerable  Insight 
Into  the  damage  accumulation  process  for  these  materials.  For  example, 
Initial  strains  do  not  appear  to  give  rise  to  damage  even  for  high 
stress  levels  for  the  materials  studied.  A  certain  Incubation  time  ap¬ 
pears  to  be  necessary  for  damage  and/or  craze  formation  for  very  low 
stress  levels. 

One  final  point  to  make  Is  the  need  for  additional  studies  of  this 
type.  We  feel  that  In  order  to  be  able  to  predict  service  life  times 
for  polymer  based  materials  such  as  adhesives  and  composites,  damage,  of 
necessity,  must  become  a  part  of  the  constitutive  law.  The  main  dlf- 
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flculty  in  the  development  of  such  understanding  is  the  need  for  exten 
sive  test  programs  over  a  long  period  of  time  and  the  need  to  have  ri¬ 
gorous*  but  simple,  constitutive  models  to  quantify  observed  behavior. 
We  feel  our  efforts  are  a  tentative  step  In  this  direction. 


27 


ACKNOWLEDGEMENTS 


The  financial  support  of  the  first  author  for  his  stay  at  VPI&SU 
was  provided  by  his  home  university  and  government  through  Its  visiting 
scientist  program.  The  financial  support  for  the  second  author  was  pro¬ 
vided  by  grants  with  NASA-Ames  (NCC  2-71),  NASA-Langley  (NAG-1-227)  and 
ONR  (N  00014 -82 -K -0185).  This  financial  support  and  the  many  helpful 
discussions  with  colleagues  at  VPI&SU  and  elsewhere  are  greatly  appre- 
cl  ated . 


«J»n « '■  >  .vi».  •  i*M.  *  4  » .  r. r.v.v.v; 


'If  VVr.»V  Vy.J’T’.^V' r«7T  .'r.'r.T.T  v.T.v.v 


.■'.■',.Vr.  *5 


W'f.  /■".  .VW 


References 

1.  Brinson,  H.  F.,  "The  Viscoelastic  Behavior  of  a  Ductile  Polymer," 

Deformation  and  Fracture  of  High  Polymers  (H.  Kausch  et  al.,  eds.) 
Plenum" Pres?,'  NY,  1974,  ppT  397-416. - 

2.  Brinson,  H.  F.,  Renieri,  M.  P.,  and  Herakovich,  C.  T.,  "Rate  and 
Time  Dependent  Failure  of  Structural  Adhesives,"  Fracture  Mechanics 
of  Composites,  STP  617,  American  Society  for  Testing  and  Materials 
(ASTM),  Philadelphia,  PA,  1975,  pp.  177-199. 

3.  Brinson,  H.  F.  "Experimental  Mechanics  Applied  to  the  Accelerated 
Characterization  of  Polymer  Based  Composites,"  New  Trends  in  Exper- 
imental  Mechanics  (J.  T.  Plndera,  ed.),  Springer-Verlag,  Vienna, 
1981,  pp.  1-69. 

4.  Brinson,  H.  F.,  Griffith,  W.  I.,  and  Morris,  D.  H.,  "Creep  Rupture 
of  Polymer-Matrix  Composites,"  Proceedings,  Fourth  International 
Congress  on  Experimental  Stress  Analysis  and  Experimental 
Mechanics,  Sept.  1981,  pp.  329-335. 

5.  Brinson,  H.  F.  and  Dillard,  D.  A.,  "The  Prediction  of  Long  Term 
Viscoelastic  Properties  of  Fiber  Reinforced  Plastics,"  Progress  in 
Science  and  Enqineerinq  of  Composites  (T.  Hayashi  et  al .,  ed.) , 

Vol.  1,  pP;'795-"3D2.  - - 

6.  Cartner,  J.  S.,  Griffith,  W.  I.,  and  Brinson,  H.  F.,  "The  Visco¬ 
elastic  Behavior  of  Composite  Materials  for  Automotive  Applica¬ 
tions,"  Composite  Materials  in  the  Automotive  Industry,  ASME,  NY, 
1978,  pp.  T59-169. 

7.  Robinson,  E.  L.,  "Effect  of  Temperature  Variation  on  the  Creep 
Strength  of  Steels,"  Trans.  ASME,  Vol.  60,  1938,  pp.  253-259. 

8.  Miller,  J.,  "Effect  of  Temperature  Cycling  on  the  Rupture  Strength 
of  Some  High  Temperature  Alloys,"  ASTM  STP  165,  1954. 

9.  Freeman,  J.  W.  and  Voorhees,  H.  R.,  "Creep  Damage  in  Metals,"  ASTM 
STP  391,  1965. 

10.  Randall,  P.  N.,  "Cumulative  Damage  in  Creep-Rupture  Tests  of  a 
Carbon  Steel,"  J.  Basic  Engr.,  Trans.  ASME,  Series  D,  Vol.  84,  No. 
2,  June  1962,  pp.  239-242. 

11.  Goldhoff,  R.  M.  and  Woodford,  D.  H.,  "The  Evaluation  of  Creep 
Damage  In  a  Cr-Mo-V  Steel,"  paper  presented  at  ASTM  Anaheim  Con¬ 
ference,  1971. 

12.  Leiberman,  Y.,  "Relaxation,  Tensile  Strength  and  Failure  of  El  612 
and  20  Khl  F-L  Steels,"  Mettaloved,  Term.  Obrabotka  Metal,  Vol.  4, 
1962,  pp.  6-13. 


13.  Odlng,  I.  A.  and  Burdusky,  V.  V.,  "Effect  of  Variable  Stress  on  the 
Rupture  Strength  of  Steel,"  Issledovaniya  Po  Sharoprochnim  Splavam, 
Vol.  6,  1960,  pp.  77-88. 

14.  Johnson,  A.  E.,  Henderson,  J.  and  Khan,  B.,  "Complex-Stress  Creep, 
Relaxation  and  Fracture  of  Metallic  Alloys,"  Her  Majesty's  Station¬ 
ary  Office,  Edinburgh,  1962,  pp.  22-32. 

15.  Voorhees,  H.  R.  and  Freeman,  J.  W.,  "Notch  Sensitivity  of  Aircraft 
Structural  and  Engine  Alloys,"  Wright  Air  Development  Center  Tech¬ 
nical  Report,  Part  II.  Further  Studies  with  A-286  Alloy;  Jan. 

1959,  pp.  23. 

16.  Abo  El  Ata,  M.  M.  and  Flnnie,  I.,  "A  Study  of  Creep  Damage  Rules," 
J.  Basic  Engr.,  R533,  Sept.  1972. 

17.  T.  Bul-Quoc,  "An  Engineering  Approach  for  Cumulative  Damage  in 
Metals  Under  Creep  Loading,"  J.  Engr.  Mater,  and  Technol.,  Vol. 

101,  Oct.  1979,  pp.  337-343. 

18.  Kargin,  V.  A.  and  G.  L.  Slonlmsky,  "Mechanical  Properties,"  in  Me¬ 

chanical  Properties  of  Polymer,  edited  by  Bikcles,  N.  M.,  Wylie- 
Intersclence,  NY,  1971.  * 

19.  Lemaitre,  J.  and  J.  L.  Chaboche,  "A  Nonlinear  Model  of  Creep- 
Fatigue  Damage  Cumulation  and  Interaction,"  Mechanics  of  Visco- 
Elastic  Media  and  Body,  Wtam  Symposium,  Gothenburg,  Sweden,  1974. 

20.  Findley,  W.  N.  and  J.  S.  Y.  Lai,  "A  Modified  Superposition  Princi¬ 
ple  Applied  to  Creep  of  Nonlinear  Viscoelastic  Material  Under 
Abrupt  Changes  in  State  of  Combined  Stress,"  Transactions  of  the 
Society  of  Rheology,  Vol.  11,  No.  3,  1967,  pp.  36l. . 

21.  Schapery,  R.  A.,  "On  the  Characterization  of  Non-Linear  Visco¬ 
elastic  Materials,"  Polymer  Engineering  and  Science,  Vol.  9,  No.  4, 
1969,  pp.  295-310. 

22.  Hi  el,  C.,  Cardon  A.  H.,  and  Brinson,  H.  F.,  "The  Nonlinear  Visco¬ 
elastic  Response  of  Resin  Matrix  Composite  Laminates,"  VPIASU  Re¬ 
port,  VPI-E-83-6,  March  1983. 

23.  Tuttle,  M.  E.  and  Brinson,  H.  F.,  "Accelerated  Viscoelastic  Charac¬ 
terization  of  T300/5208  Graphite-Epoxy  Laminates,"  VPISSU  Report, 
VPI-E-9,  March  1984. 

24.  Findley,  W.  N.,  Lai,  J.  S.  and  Onaran,  K.,  Creep  and  Relaxation  of 
Nonlinear  Viscoelastic  Materials,  North  Holland,  NY,  1976. 

25.  Brleller,  O.S.,  "Stress-Relaxation  Crazing  of  Polymers— An  Energy 
Criterion,"  Polymer  Eng.  and  Scl.,  Vol.  23,  No.  15,  Oct.  1983,  pp. 
844-848. 

26.  Klemperer,  W.  B.,  Stress  Pattern  Crazing  In  Theodore  von  Karman  An¬ 
niversary  Volume.  Applied  Mech.  1941,  pp.  328. 


30 


r.  r  r 


jti^  \s  .n  .* ; » .t. 1  ji  ■..  >  ■.  1  j.  ? 1 

a 


P 


27.  Sato,  Y.  Kobunshi  Kagaku,  Vol.  23,  69  (1966). 


28.  Wang,  T.  T.,  Matsuo,  M.  and  Kwei ,  T.  K.,  J.  Appl .  Phys.  Vol.  42, 
pp.  4188  (1971). 

29.  Zhang,  M.  J.  and  Brinson,  H.  F.,  "The  Nonlinear  Viscoelastic 
Response  of  Polycarbonate  and  Polysulfone",  (in  preparation). 

30.  Ross,  B.  (Ed.).  Fractional  Calculus  and  its  Applications,  Sprinqer- 
Verlag,  NY,  1925. 


31.  Bagley,  R.  L.  and  Torvik,  P.  J.,  "Fractional  Calculus  in  the  Tran¬ 
sient  Analysis  of  Viscoelastically  Damped  Structures,"  AIAA  Struc¬ 
tures  and  Materials  Conference,  Reno,  Nevada,  May  1983,  pp.  314- 
324. 


'•'  T  .'-  ■■  -  -.  ■  ■  ■_5TTTT7  •  "  '■'.*  V’  *~Z 


SECURITY  CLASSIFICATION  op  this  PAGe  ("hen  Dote  Holered) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORTH 

t.  REPORT  NUMBER  1.  GOVT  ACCESSION  NO. 

VPI  -  E-84-12  Ah-Al* 

1.  RECIPIENT'S  CATALOG  NUMBER 

■dJJA _ _ _ 

4.  TITLE  (end  Subtitle) 

"Cumulative  Creep  Damage  for  Polycarbonate  and 
Polysulfone" 

>■  TYPE  OF  REPORT  6  PERIOD  COVEREO 

6.  PERFORMING  ORG.  REPORT  NUMBER 

7.  AUTHOR^*) 

M.J.  Zhang  and  H.F.  Brinson 

6.  CONTRACT  OR  GRANT  NUMBER!*) 

2J.$ 

9.  PERFORMING  ORGANISATION  N  AMI.  ANU  AOOMF.SS 

Center  for  Adhesion  Science  and  Department  of  Engm 
eering  Science  and  Mechanics,  Virginia  Polytechnic 
Institute  and  State  University,  Blacksburg,  VA  2406 

io.  program  elcmcn  r.  project,  task 

AREA  6  WORK  UNIT  NUMBERS 

•  1.  CONTROLLING  OFFICE  NAME  ANO  AOORESS 

NASA-Ames,  Ames  Research  Ctr.,  Moffett  Fid,  CA  9403 
NASA-langley,  Langley  Res.  Ctr.,  Hampton,  VA  23665 

12.  REPORT  OATC 

i  May  1984 

12.  NUMBER  OF  PAGES 

32 

l«.  MONITORING  AGENCY  NAME  b  AOORESS (II  dlllerent  from  Controlling  Olltce) 

IS.  SECURITY  CLASS,  (of  thle  report) 

Unclassified 

ts«.  DECLASSIFICATION/ down  GRADING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  fof  title  Repot!) 

Approved  for  public  release;  distribution  unlimited 

_ i 

17.  DISTRIBUTION  STATEMENT  (ol  the  abetted  entered  In  Block  70,  II  dltlcrenl  from  Report) 


Distribution  Unlimited 


»H  MM’IM  t  Ml  N  1  AMV  MOTI  % 

Creep  to  failure,  cumulative  damage  law,  modified  time  fraction  rule 


IS.  KEY  WOROS  (Continue  on  r#**r»*  tide  II  noc entry  end  Identity  by  block  number) 

Creep  to  failure,  cumulative  damage  laws,  modified  time  fraction  rule 


70.  ABSTRACT  (Continue  on  rereree  cldc  II  neceeeery  end  Identity  by  block  numbet) 

The  literature  for  creep  to  failure  cumulative  damage  laws  are  reviewed.  Creep 
to  failure  tests  performed  on  polycarbonate  and  polysulfone  under  single  and  two 
step  loadings  are  discussed.  A  cumulative  damage  law  or  modified  time  fraction 
rule  is  developed  using  a  power  law  for  transient  creep  response  as  the  starting 
point.  Experimental  results  are  approximated  well  by  the  new  rule.  Damage  and 
failure  mechanisms  associated  with  the  two  materials  are  suggested. 


00  1473  COITION  OF  I  NOV  «S  IS  OBSOLETE 

SECURITY  C.L  A'SlFlCATlON  OF  THIS  PAGE  Onto  Entered) 


l*VA  n\  n*. 


A.' 


